Abstract The biomechanical influence of thoraco-lumbosacral bracing, a commonly employed treatment in scoliosis, is still not fully understood. The aim of this study was to compare the immediate corrections generated by different virtual braces using a patient-specific finite element model (FEM) and to analyze the most influential design factors. The 3D geometry of three patients presenting different types of curves was acquired with a multi-view X-ray technique and surface topography. A personalized FEM of the patients' trunk and a parametric model of a virtual custom-fit brace were then created. The installation of the braces on the patients was simulated. The influence of 15 design factors on the 3D correction generated by the brace was evaluated following a design of experiments simulation protocol allowing computing the main and twoway interaction effects of the design factors. A total of 12,288 different braces were tested. Results showed a great variability of the braces effectiveness. Of the 15 design factors investigated, according to the 2 modalities chosen for each one, the 5 most influential design factors were the position of the brace opening (posterior vs. anterior), the strap tension, the trochanter extension side, the lordosis design and the rigid shell shape. The position of the brace opening modified the correction mechanism. The trochanter extension position influenced the efficiency of the thoracic and lumbar pads by modifying their lever arm. Increasing the strap tension improved corrections of coronal curves. The lordosis design had an influence in the sagittal plane but not in the coronal plane. This study could help to better understand the brace biomechanics and to rationalize and optimize their design.
Introduction
Scoliosis is a three-dimensional deformity of the spine and of the rib cage. For moderate deformities, bracing is the most common treatment. However, its efficiency in preventing the progression of scoliotic deformities is still controversial [14, 17, 19, 20, 29] . Many questions remain about what could be the best brace design. For instance it is unclear where the pads and openings should be positioned and how they should be shaped. Rigo [28] found significant variability in the brace designs that were recommended by 21 brace specialists for the same patient (right thoracic curve scoliosis with a minor lumbar curve). There was no consensus about whether the thoracic pad should be positioned below, at or above the apical rib, the optimal shape of the pads, the inclusion of an anterior derotational thoracic pad and the shape of the pelvis section (side of trochanteric extension and location of pads). Van Rhijn [32] compared the immediate effect of lumbar and thoracic braces on coronal curves and found that lumbar braces, relative to thoracic braces, significantly improved the correction of the lumbar curve and allowed spontaneous correction in the thoracic curve through improved balance of the spine. To our knowledge, this study was the only one that compared the efficiency of different brace designs on the same given patient.
A numerical model-based analysis of brace biomechanics overcomes the experimental limitation of multiple radiographic exposures required to test the effect of multiple brace designs on the same patient. A common method is to generate a finite element model (FEM) of a patient's trunk and to simulate brace treatment by applying the forces exerted by the brace on the FEM [1, 13, 21, 26, 33] . Andriacchi [1] simulated the Milwaukee brace immediate effect and concluded that it was efficient in correcting coronal curves. Wynarsky [33] and Gignac [13] tried to find the optimal location and amplitude of the corrective forces generated by a brace; however, the method has several limitations. The corrective forces applied on the trunk FEM were not necessarily balanced and equilibrium was obtained using restrictive boundary conditions. Furthermore, the optimization process cannot include many brace design parameters, such as the strap tension, the rigid shell geometry, or the pads' shape. In our previous studies (Perie [25] and Clin [8] ), we presented a new method wherein a single brace with all its components (rigid shell, pads, openings, straps, foam layer) was explicitly modeled for one patient. Its installation was simulated using a contact interface between the patient's trunk and brace models. The method is a more realistic representation of the actual procedure of fitting a brace onto a patient's torso.
This study uses the previously developed simulation process to test multiple brace designs on given patients and to compare their immediate corrections of the 3D scoliotic deformities. The aim was to detect the most influential brace design factors and to quantify their influence on the immediate 3D corrections.
Methods

Simulation of the brace installation
The geometry of the spine, rib cage and pelvis of three scoliotic patients [thoracic and lumbar Cobb: P1 (38°, 23°); P2 (36°, 16°); P3 (20°, 33°)] was reconstructed in 3D using a multi-view radiographic self-calibration technique [4, 7, 15, 16] (Figs. 1a, 2) . The accuracy of this reconstruction method was 3.3 mm on average (SD 3.8 mm) [9] . In addition the external trunk surface of the patient was digitized using a 3D range-sensing technique (3-dimensional Capturor, Inspeck Inc., Montreal, Quebec, Canada) [22] [23] [24] (Fig. 1b) . Using fiducial radiopaque landmarks visible on both the X-rays and the trunk surface, the internal and external geometries were then superimposed using a point-to-point least square algorithm (Fig. 1c) [12] . A global coordinate system Rg, with the origin at the center of the first sacral vertebra S1, was associated with this geometry such that the z-axis was directed vertically upwards, x-axis was postero-anterior and the y-axis was lateral (oriented from right to left).
Based on this geometry, a personalized finite element model (FEM) of the patient's torso was built [3, 26] (Fig. 3) using Ansys 11.0 FE package (Ansys Inc., Fig. 1 Acquisition of the internal geometry using the multi-view radiographic reconstruction technique. a1 Postero-anterior (PA) and lateral acquisition. a2 PA, lateral, and PA with an incidence of 20°radiographs. a3 3D reconstruction. b Acquisition of the external geometry using the range sensor topography technique. c Superimposition of the two geometries (Rg global reference system) Canonsburg, PA, USA). In brief, the thoracic and lumbar vertebrae, intervertebral discs, ribs, sternum, rib cartilages and abdominal cavity were represented by 3D elastic beam elements, the zygapophyseal joints by shells and surfaceto-surface contact elements, the vertebral and intercostal ligaments by tension-only spring elements and the external soft tissues by hexahedral elements. Mechanical properties of all the components of the model were taken from experimental and published data [3, 25, 26] . The influence of the spine flexibility (''stiff'' and ''flexible'' spines) was tested (intervertebral disc stiffness multiplied and divided by 2, respectively) [27] .
A custom-fit geometrical brace model was created over the already generated FEM of the patient's trunk (Fig. 4a-c) . It included the external rigid shell, the foam layer, the openings and the pads. The external rigid shell was modeled by 4-node quadrilateral shell elements. The foam layer and the pads were modeled by 8-node hexahedral elements. The material of the rigid shell was polyethylene (E = 1,500
Mpa, m = 0.3), that of the foam layer was soft polyethylene foam (E = 1 MPa, m = 0.3) and that of the pads was stiff polyethylene foam (E = 10 MPa, m = 0.3) [25, 30] . A surface-to-surface contact interface was created between the interior of the brace model and the exterior of the trunk model.
Boundary conditions were applied on the trunk model to mimic an in-brace patient. The pelvis was fixed in space and translation of the first thoracic vertebra in the transverse plane (x and y directions) was blocked.
Brace installation on the patient was simulated. The simulation process was divided into two steps: (1) the brace was opened by applying displacements on four nodes and was positioned on the patient; (2) forces representing strap tensions were applied on the nodes corresponding to the strap fixations. At the end of the simulation, the virtual brace was consequently installed on the patient (Fig. 4d) .
On completion of the simulation, corrections in 3D clinical indices (Cobb angles, kyphosis, lordosis, rib hump, apical axial rotation) were computed [8, 13, 26] .
Design of experiments
For each patient, with either the flexible or stiff spine model, a Box, Hunter and Hunter fractional design of experiments [5] was used to evaluate the effects of 15 brace design factors: strap number and tension, type of brace, thoracic pad position in the transverse and vertical planes, lumbar, anterior thoracic and trochanteric pads presence, iliac crest roll design, lordosis design, height of lumbar pad, rigid shell symmetry, trochanteric extension side, brace size and opening position. Each factor had two modalities. Table 1 lists the two modalities that were tested for each of the 15 factors illustrated in Fig. 5 . The modalities for each design factor were chosen based on previous published studies [10, 18, 28] and according to the recommendations of orthotists.
Using the fractional design of experiments, for each patient, with either the flexible or stiff spine model, 2,048 (2 ) virtual braces were tested (total of 12,288: 3 patients 9 2 flexibility models 9 2048 braces). It allowed evaluating the main and two-way interaction effects of the tested design factors on the 3D corrections generated by the brace. For example, the main effect of the strap tension on the correction of the thoracic curve Cobb angle is the mean change of correction (for all the tested braces) of the thoracic curve Cobb angle when the strap tension increases from 20 to 60 N. The interaction effect of the strap tension and the brace type on the correction of the thoracic curve Cobb angle is the difference of effect of the strap tension on the correction of the thoracic curve Cobb angle between the lumbar braces and the thoracic braces. Likewise for every design factor, the main effect and its interaction with the remaining factors were evaluated.
Results
The immediate correction in all the tested braces was quite variable, especially when the thoracic and lumbar Cobb angles, the kyphosis and the lordosis parameters were considered ( Table 2 ). For instance, for P1 with a flexible spine, the thoracic Cobb in-brace varied between 6°and 54°. There was little correction on average in the transverse plane (axial rotation and rib hump). Relatively more correction in the coronal plane was obtained for the flexible spine as compared to the stiff spine model. For instance, the mean in-brace thoracic Cobb angle for P1 was 24°with a flexible spine and 31°with a stiff spine. An interaction was found between the position of the brace opening (anterior or posterior) and the other design factors, which revealed that the effect of the design factors was quite different if the opening was anterior or posterior. For instance, in case of P1, when a brace with a posterior opening was used, the four influential parameters that impacted most thoracic Cobb angle were strap tension, trochanter extension side, brace symmetry and the number of straps. For the same case, when a brace with an anterior opening was used, the four influential parameters were the brace type, brace symmetry, trochanter extension side and brace size. For both types of brace openings (anterior and posterior), the main effects on the 3D geometrical indices of the most influential brace design factors are presented in Table 3 . As an example, in the case of P1, when a brace with a posterior opening was used, changing the position of the trochanter extension from right to left increased the inbrace thoracic Cobb angle by 5°(first row, second factor in Table 3 ). For the same case, when a brace with an anterior opening was used, an increase of 3.6°was obtained (seventh row, third factor in Table 3 ). Results of only the flexible spine models are listed in Table 3 . For the stiff spine models, although the most influential design factors were identical for all indices, the resulting effects were weaker due to smaller corrections.
Increasing strap tension and using three straps instead of two gave a better correction in the coronal plane (Table 3) . Introducing an asymmetry relative to the sagittal plane in the rigid shell also gave better correction. The 'lumbar brace' type improved the correction of the lumbar curve relatively to the 'thoracic brace'. The 
trochanter extension side had an important effect on the coronal curves. Positioning it on the right (side of the thoracic curve for the patients in this study) improved the correction of both the thoracic and lumbar Cobb angles. Figure 6 shows the spinal shape of the patients in the coronal plane before the brace installation and the same after two different braces installation, both of which were identical except for the trochanter extension side. When the trochanter extension side was on the right, the brace pushed the spine more to the left. For patients P1 and P3, even if it increased the reduction of the thoracic and lumbar Cobb angles, it also aggravated the decompensation of the trunk to the left. In the sagittal plane, the most influential factor was the lordosis design. When the sagittal curve of the brace rigid shell was reduced, it decreased both the lordosis and the kyphosis (for instance 5°on average for P1 with a flexible spine) (Table 3) . However, it did not generate a significant reduction of the coronal curves. An increase of the strap tension reduced the sagittal curves while an asymmetry in the rigid shell increased them. The presence of the lumbar pad, positioned posteriorly, had a lordotic effect. When the thoracic pad was positioned posteriorly rather than laterally, aside from decreasing the kyphosis and lordosis, it also reduced rib hump and apical axial rotation. No distinct tendency for the other design factors was observed in the transverse plane (rib hump and vertebral axial rotation).
Discussion
Simulating brace treatment allowed testing a large number of virtual braces (12, 288) . Such numerical simulations allow the comparison of immediate in-brace corrections obtained using different brace designs for the same patient. It also provides a versatile tool to examine the impact of varying specific design parameters and the relative interaction between them. Such comparisons and evaluations on patients are very difficult to do with real braces.
The trochanter extension side significantly impacted the correction of the coronal curves and the global coronal balance of the trunk; mechanically, it acts as a lever arm. If positioned on the right side, it enhances the action of the right thoracic pad and the trunk is pushed globally to the left. If positioned on the left side, it enhances the action of the left lumbar pad but the effect is less because the lever arm is shorter (see Fig. 6 ). The brace lordosis design influenced the sagittal curves. The trunk shape tended to conform to the brace shape. When the thoracic pad was placed in a more posterior position, it pushed the right rib All values are in degrees hump forward, which reduced the transverse plane deformity (vertebral axial rotation, rib hump) but also induced a reduction in the kyphosis. Aubin et al. [2] also observed this effect. In a similar way, the presence of the posterior lumbar pad, that pushes the abdomen forward, had a lordotic effect. These results corroborate with empirical observations [6] [7] [8] .
The thoracic and lumbar pads upper limit had limited effects of the scoliotic coronal curves, and the current study does not support the general recommendation of brace manufacturers to place the thoracic and lumbar pads below the curve apex [8] . No correlation was found between the reduction of the lordosis and the correction of the coronal curves, even if this is one of the principles of the Boston brace system [10] . The reduction of the lordotic profile of the brace had only a negative effect on sagittal curves (hypo-kyphosing and hypo-lordosing). An asymmetric rigid shell was more efficient in correcting the coronal curves than a symmetric one. A more thorough optimization study of the rigid shell shape could help better understand these results.
The interaction effect between the opening position and the other design factors reveals that braces like for instance the Boston brace (posterior opening) and the Chêneau brace (anterior opening) have quite different working mechanisms. It can be explained mechanically by the fact that the pressures exerted by the pads on the torso result from the tension applied to the straps. Changing the opening position and hence the straps' location modifies the moment created by the strap force on the pads location, and consequently, it modifies the action of the pads on the torso. The optimal opening position could be an interesting future direction to investigate.
Fifteen design factors were examined to limit the already extensive number of simulations. Other design factors could also be considered, e.g., position of the lumbar pad in the transverse plane (posterior or postero-lateral position), the presence of an abdominal pad, the shape of the pads, and other configurations of openings. It should also be noted that the ranking of the design factors by their effects magnitude (Table 3) is dependant on the two modalities that were chosen for each factor in the design of experiments Flexible spine models, all values are in degrees. Example: for P1, using brace with a posterior opening, changing the position of the trochanter extension from right to left increased the in-brace thoracic Cobb angle by 5°(first row, second factor), increasing the strap tension from 20 to 60 N decreased the in-brace thoracic Cobb angle by 5.2°(first row, first factor) ( Table 1) . Other modalities could be investigated in the future. The present study, as it detected some of the key brace design parameters, could be the basis of an optimization process. It could notably help to choose the optimization variables. An objective function representing appropriately the orthotist definition of an efficient brace treatment should also be defined. The present model has, as any numerical models, its limitations and the results should therefore be interpreted with caution. Given the boundary conditions, the pelvis was not allowed to tilt, which could have modified notably the effect of the brace lordosis design. The first thoracic vertebra was only free to move along the vertical axis and the effect of the brace on the patient decompensation could not be evaluated. The intervertebral discs and the ligaments were modeled as linear elastic. These limitations were more thoroughly discussed by Clin and Perie [8, 25, 26] .
Only the passive action of the brace was simulated as no muscles were present in the model. It could be reasonable, however, to assume that the active action, if any, would be concomitant, complementary, to the passive action and that it would amplify the brace design factors' effects generated by the passive action. For instance, it might be that greater strap tension increases the passive effect as studied here, and also increases the discomfort, thereby encouraging an 'active' response. More generally, to model the muscular contribution is complex and a great challenge to be undertaken in the future.
The present study focused on the immediate action of braces but the aim of brace treatment is to stop the progression of scoliotic deformities in a long-term perspective. It was, however, remarked that the immediate efficiency of a brace is a good predictor of the outcome of the treatment [6, 11, 31] , which justifies to focus mainly on this immediate action.
Different studies were done to evaluate the brace model validity [8, 25, 26] . Perie [26] compared the spinal geometries obtained after simulation and in the real brace and found differences in Cobb angles inferior to 8°. Differences in positions of vertebrae in coronal and sagittal planes were inferior to 6 and 9.8 mm, respectively. The pressures exerted by the virtual brace on the patients' torso FE models were also computed and compared to pressures measured experimentally. They were found to be in the same range (0-30 mm Hg). The validation process will however continue, by integrating personalized mechanical properties for instance.
The model used in this study is an improvement over the previous methods used to simulate brace treatment because the brace is explicitly modeled, all its components are included (pads, openings, foam layer, straps) and the simulation process represents adequately the installation of the brace on the patient (opening, positioning, tightening of straps) [8] .
Conclusion
By using a finite element model to simulate brace treatment, it was possible to compare the efficiency of multiple brace designs on specific patients. Results showed great variability of the 3D corrections generated by the braces according to their design. The most influential design factors were identified. The importance of strap tension, trochanter extension side, rigid shell shape and lordosis design was notably detected. The position of the opening, posterior or anterior, changed the working mechanism of the brace. The present study provides a better understanding of brace biomechanics and gives insights for an objective assessment of the bracing treatment.
